We have analyzed the structure of rearranged heavy-chain genes obtained from the genomic DNA of normal BALB/c mouse spleen cells 
We have analyzed the structure of rearranged heavy-chain genes obtained from the genomic DNA of normal BALB/c mouse spleen cells expressing surface immunoglobulin M. Examples were found of two types of nonproductive rearrangements, which may be responsible for allelic exclusion 1 
different immunoglobulins (3).
The genes encoding immunoglobulins display several complex features associated with the need to generate such a large repertoire of specificities. There are three unlinked immunoglobulin gene families: the K and X gene families encode light chains, and a single gene family encodes heavy chains. An immunoglobulin molecule contains one species of light chain and one species of heavy chain in a basic H2L2 dimeric structure. The amino-terminal 110 to 125 amino acid residues of each pair of heavy and light chains form a variable region (V) domain, which binds specifically to antigen. The remainder of the two chains comprise the constant region (C) domains, which are involved in interactions with other components of the immune system. Heavy chains may contain any one of eight different constant regions, the most frequent being ,u Variable regions, as the name implies, show the most diversity when two species of immunoglobulin molecules are compared. Logically, this is due to the role of variable regions in recognizing a broad spectrum of diverse antigens. At least one specific genetic mechanism exists to create variable region diversity: the process of DNA joining. Light-chain variable regions are encoded by two gene segments, V and J, which are separated in germ line DNA (2) . Heavychain variable regions are encoded by three such gene segments, V, D, and J (8, 14, 23) . The J gene segments are located a short distance 5' to constant region gene segments in germ line DNA, so that V-J and V-D-J joining creates a complete immunoglobulin gene including both variable and constant region sequences.
The process of V-J or V-D-J DNA joining appears to involve specific sequences at the boundaries of the germ line gene segments which probably serve as recognition sites for "joining enzymes." The same recognition sequences appear in all the immunoglobulin gene families (and in both humans and mice) and are of the general form GGlTTTTGT-(spacer)-CACTGTG when they occur 5' to the coding sequence of a gene segment, and the inverse complement of this sequence when they occur 3' to a gene segment (8, 14, 16, 20, 22, 23) . The spacer lengths are either about 12 base pairs (bp) (roughly one turn of the DNA helix) or 23 bp (roughly two turns). Gene segments that can join to one another always have different spacer lengths: "one turn' for VK gene segments and "two turns" for J,K gene segments, for example (8) .
Although the sequences associated with DNA joining are fairly precise, the process itself is not and can result in junction points ranging over one or two codons (sometimes more) for any given gene segment (11) . This variability in joining may contribute to the functional diversity of immunoglobulins, since V-J and V-D-J joining occur at a part of the variable region which is quite important for antigen binding specificity. Joining can also result in genes with frameshifts or termination codons.
All of the current information on the structure of rearranged immunoglobulin genes is the result of work with lymphoid tumor lines, particularly murine plasmacytomas or myelomas. Although they are convenient for study, such tumor lines are known to be restricted in the types of immunoglobulins they produce, and they may not be entirely representative of the processes leading to the diversity of the B-cell immunoglobulin repertoire. The present study was undertaken to look directly at variable region gene rearrangements in the pool of normal B cells synthesizing IgM, which is the first heavy-chain class synthesized after V-J and V-D-J rearrangement.
MATERIALS AND METHODS
The procedure for purification of BALB/c B lymphocytes has been described elsewhere (18) . Briefly, spleen cells were stained with rabbit anti-mouse ,.
serum and fluoresceinated goat anti-rabbit serum before separation with a fluorescence-activated cell sorter. Greater than 97% of the cells collected stained positively for both surface ,u and surface 8 chains. A library of 12 x 106 recombinant phage was generated by ligating EcoRI partial digests of DNA from the sorted cells to DNA from the phage vector Charon 4A (1), followed by in vitro packaging (10 Fig. 1 ), whereas the other phage either did not include the JH locus (four cases) or displayed an altered JH fragment consistent with DNA rearrangement. Four phage with altered JH fragments were chosen at random for further study. More detailed restriction mapping showed that two of these phage contained rearrangements at the JH1 gene segment (B2 and B49 in Fig. 1 ) and two contained rearrangements at the JH4 gene segment (B104 and B38 in Fig. 1 ).
DNA sequences of the B2 and B49 JH1 rearrangements showed that both are the result of V-D-Jjoining to create VH genes from which heavy chains can apparently be produced. Figure 2 shows the complete sequence of the B2 rearranged gene. So far as they can be determined, the positions of the V-D and D-J junctions are shown beneath the nucleotide sequence. The protein sequence that can be translated from the B2 gene is shown immediately above its nucleotide sequence. It is numbered from what would be the first amino acid of the mature polypeptide, after leader peptide cleavage. The B2 gene displays the same division of leader and main body exons found in myeloma genes (24) . The RNA splice sites for these exons are doubly underlined in Fig. 2 . The protein sequence translated from the B2 gene is closely related to group II myeloma heavy-chain sequences, such as that of the dextran-binding myeloma protein M104E (13) , the sequence of which is shown above the B2 protein sequence in Fig. 2 . The 3' portion of the B2 VH gene segment is also homologous to group III myeloma sequences and hybridizes with a cDNA probe from the S107 VH gene (unpublished data Figure 3 also shows how differences in junction points can contribute to amino acid sequence diversity in the third hypervariable region of the completed heavy chain. A similar diversity of junction points is seen in the JH4 rearrangements (Fig. 4) .
Nonproductive rearrangements. In contrast to the two JH1 rearrangements we analyzed, neither of the two JH4 rearrangements contains a functional V-D-J gene. This is shown in Fig. 4 (8) . (This and other joining sequences are underlined once in Fig. 4 ThrA*pTyrTyrNotLy*TrpV lLys61nSorHldSlyLyeSerL u61uTrpldeGlyA pIleAsnPr-oAsnA n61y¢1yThrS*rTyrA n61nLyahLys61yLYSAlGThr
Thr9orTyrTrpNot61nTrpV lLye61nArgPro61y61n61yL u61uTrploe81yAl1lleTyrPro6lyAsp61yA .pThrArgTyrThr61nLyshLys61yLyeAloThr (Fig. 1) containing both D and JH sequences was used to probe a phage library containing germ line BALB/c DNA. Several phage were isolated by this procedure, and the sequence of one of them D20, is shown in Fig. 4 VH gene segment and the JH locus, they might all be deleted in the M104E myeloma, which lacks a second unrearranged heavy-chain chromosome.
In Fig. 5 , the 1.6-kb HhaI-EcoRI fragment of B104, which contains both D and JH sequences, has been hybridized to EcoRI-digested genomic DNAs from BALB/c sperm and the M104E myeloma. In the sperm DNA (lane S), several bands of 17 The structures of the D gene segments isolated in the course of this study confirm the predictions of our "one-turn/two-turns" model of V-DJjoining (8) . This was also shown to be the case by Tonegawa and co-workers, using D-JH rearrangements from lymphoid tumors (14, 23) . D gene segments related to B104 and D20 are evidently clustered between the M104E VH gene segment and the JH locus, supporting a straightforward picture of V-D-J joining between gene segments which are originally in the order VH-D-JH in the germ line.
Analyses of the pool of IgM+ BALB/c spleen cells by genomic Southern blots to the JH locus have shown that virtually all heavy-chain chromosomes contain rearrangements at the JH locus (or at a D gene segment located less than 1 kb 5' to the JH1 gene segment) (12, 18) . Since only one of two chromosome homologs normally produces heavy chains ("allelic exclusion"; 4, 19) , almost all normal B cells may contain a nonproductively rearranged heavy-chain chromosome, probably one of the types analyzed in this report. The close relationship between nonproductive rearrangements and the phenomenon of allelic exclusion has been reviewed elsewhere (7) .
Evolution of D gene segments. In comparing the B104 D-J rearrangement and the D20 germ line D gene segment with various V-D-J rearranged genes, it became apparent that VH gene segments contain a sequence near the 3' end of the coding region which is identical to part of the one-turn joining sequence of D gene segments. This is shown in Fig. 6 by comparing the underlined part of the coding sequence in B2, B38, B49, and S107 to the underlined one-turn joining sequence of the D gene segments directly below (B104, D20 approximated by the VK sequences with dotted underlines in Fig. 6 .
One possible explanation for these observations is that D gene segments arose from V gene segments located on what is now the chromosome carrying the heavy-chain gene family. This model is illustrated in Fig. 7 . A set of V gene segments with two-turn joining sequences (the arrow with a 2 above) might have been situated 5' to a gene family with a one-turn V gene segment and two-turn J gene segments. Occasionally, a two-turn V gene segment may have joined to an internal sequence (dotted arrow with a 1 below) in a one-turn V gene segment which resembled a one-turn site, like the internal sequences of the VK, gene segments in Fig. 6 . This is shown on the top line of Fig. 7 . "D"-J joining at the usual site in the one-turn V gene segment (second line in Fig. 7) could then have created a tripartite variable region like those found in heavy chains at present (bottom line in Fig. 7) 
